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ABSTRACT
Over-exploitation of coastal aquifers causes seawater intrusion and eventually

contamination of groundwater wells in many parts of the world. Artificial recharge of
treated wastewater can be used to avoid or control seawater intrusion. A common
characteristic of many coastal areas in Southern Europe is that most of the annual
water demand, and hence the amount of water that can be used for artificial recharge,
is concentrated to a few summer months, whereas natural groundwater recharge takes
place during the winter months. This paper addresses the effects of seasonal variations
in pumping, as well as in artificial and natural recharge rates on the dynamics of
saltwater intrusion and especially on the evolution of salinity in extracted
groundwater. Specifically, numerical simulations are performed to examine the
seasonal variability effects for a given set of extraction and recharge locations, but for
scenarios with different artificial recharge rates. Parameter values for describing the
aquifer and its hydraulic-hydrological properties are taken from a coastal aquifer in
Israel. We show that predicted salinity in extracted groundwater under assumed
temporally constant pumping and recharge conditions differs from the mean value of
salinity under seasonally variable conditions. For long-term predictions, the
assumption of temporally constant conditions may yield relatively small (less than
10%) over- or underestimation of average salinity during the periodic steady-state
stage that results from seasonally variable conditions. For short-term predictions, up
to the common planning period of 25 years after starting a new groundwater
management practice, the same assumption may lead to considerable (50-55%)
underestimation of maximum salinity values under seasonally variable conditions.

INTRODUCTION
Saltwater intrusion jeopardizes the freshwater supply from many coastal

aquifers in the world. Seawater may intrude into freshwater aquifers whenever
groundwater levels are low due to the occurrence of dry periods and/or
overexploitation of the aquifer. These conditions are normally observed in semi-arid
regions like those located around the Mediterranean Sea at least during the summer
period. The climatic conditions typical of these areas and the intensive summer
tourism cause a pronounced decrease in groundwater recharge and increase in the
water demand during the summer season. However, during winter, groundwater levels
may be restored due to higher frequency of recharge incidences and lower water
demand. These seasonal variations in pumping and recharge rates may have
significant implications on the dynamics of seawater intrusion and, as a consequence,
on salinity of pumped groundwater.
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Traditionally, the effect of pumping on saltwater intrusion dynamics has been
investigated assuming constant groundwater recharge and constant or increasing
pumping rates throughout the simulation period. The latter is for instance assumed by
Yakirevich et al. [1998]. To our best knowledge, only Voss and Souza [1998, referred
to in Voss, 1999] examined the effects of cyclic pumping stress on the transition zone
of a coastal aquifer in Oahu, Hawaii. They showed how the shape and width of the
fresh-seawater transition zone are affected by differences in the pumping schedules.

In this paper, we analyze the effects on saltwater intrusion dynamics caused by
not only seasonally variable pumping stress, but also by seasonally variable natural
and artificial recharge, with the Nitzanim area in the Israeli coastal plain aquifer as a
specific case study. We specifically address the coastal aquifer response to
groundwater pumping for meeting a projected increased water demand, with
particular focus on assessing potential errors in predicted salinity of extracted
groundwater, by assuming constant pumping and recharge rates instead of prevailing
seasonally variable rates. Dynamics of seawater intrusion is modeled by SUTRA
[Voss, 1984] and artificial recharge of treated wastewater is explicitly considered as a
method to control saltwater intrusion and enhance the hydrological budget.

SITE DESCRIPTION
The Nitzanim area is a part of the Israeli coastal aquifer, which is one of the

three most important sources of the Israeli national water supply system. The coastal
aquifer constitutes the main seasonal and long-term storage and regulation reservoir.
It extends over some 120 km of Israel's Mediterranean coast, from Mount Carmel in
the north to the Gaza strip in the south. The width of the aquifer varies from 3-10 km
in the north to 20 km in the south making a total area of 1800 km2. The aquifer
consists of sandstone and sand layers of Pliocene-Pleistocene age, extending from the
surface to depths of 150-180 m at the coastline and decreasing eastwards to zero. Near
the seashore it is subdivided into sub-aquifers by thin impervious to semi-impervious
layers.

For hydrological studies, Nitzanim has been divided into four reporting cells;
explicitly shown in Fig. 1: cell 23 of 12 km2 and cells 43, 63 and 83 of 22 km2; and
four strips (8-12). In this area, the coastal aquifer is unconfined and the modeled
cross-section (A-A') was chosen arbitrarily from strip 11 (Fig. 1). Zones 43 and 63 are
managed as a part of the national water supply system and used as regulation storage.

The total annual water pumped from cell 43 in 1995/96 is reported to be
10.4 MCM and the forecasted demand for the year 2020 is 14 MCM [Tahal, 1998].
The monthly water supply and rainfall records show a markedly seasonal variation.
The maximum supplied water corresponds to the summer months July and August
and the minimum to the winter months January and February. In contrast, the
maximum rainfall is registered during January and February and the minimum during
July and August. Tahal [1998] report the distribution of annual water supply by month
and sector. Saltwater intrusion has recently been observed to occur as a consequence
of overexploitation of the aquifer [Tahal, 1998].

Artificial recharge of water is used to alleviate the effects of saltwater
intrusion and declining groundwater table, and it is available from two sources: the
National Water Carrier and the tertiary treated wastewater effluents pipeline from the
Dan Region Sewage Reclamation Plant “SHAFDAN” near Tel-Aviv. According to
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Tahal [1998], in 1995/96 the amount of water artificially recharged in cell 43 was 0.1
MCM; the national forecast for 2020 foresees an increase of this source of water by
195 % from the total sum in 1995. Further, the pumped water from the areas where
treated wastewater is artificially recharged is only used for irrigation.

Figure 1: Map of the Nitzanim area in the coastal plain aquifer of Israel and location
of the modeled cross-section.

We refer to ''Israel Case Study-Background Data'' [Tahal, 1998] and ''Israel
Case Study-Complementary Data I'' [Tahal, 1999] for further hydrogeological
information of the Nitzanim area and reported results on previous simulations of the
aquifer.

CONCEPTUAL MODEL
A unit width cross-section perpendicular to the coast and aligned along an

assumed mean flow line is selected for our modeling purposes. Fig. 2 illustrates the
schematic cross-section with the assigned boundary conditions used to conceptualize
strip 11 in the Nitzanim area. No-flow is specified at the bottom where an impervious
layer is located. Specific inflow due to net infiltrated rainfall is prescribed in the upper
boundary and hydrostatic seawater pressure is imposed along the left boundary.

The type of inland boundary condition and the extent of the simulation domain
were suggested by Tahal in the report ''Israel Case Study, complementary Data-I''
[1999] on the basis of their knowledge of the management of the Israel coastal
aquifer. The inland boundary condition is assumed to be a constant water level of
3.5 m above m.s.l.

The left boundary is 500 m into the sea and the right boundary is set at 3.5 km
from the shoreline. The depth of the simulation section is 120 m. The non-uniform
finite element mesh used in the simulations with SUTRA is composed of 2200
rectangular elements. The horizontal size of the mesh is 25 m in the whole domain,
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while the vertical size is 10 m for the elements located below seawater level and 2.5
m for the elements above seawater level in order to avoid oscillations in the saturation
values that may result from a non-adequate spatial discretization. The size of the mesh
is selected as a trade-off between accuracy and manageable computer time required.
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Figure 2: Schematic cross-section of Nitzanim area (Israel).

The value of hydraulic conductivity and of the mean specific yield is based
upon available data from the site [Tahal, 1999] and are presented in Table 1. The
values for dispersivities are, however, estimated after sensitivity analysis to reproduce
as close as possible field observations of the transition zone from seawater to fresh
groundwater. The rest of the values presented in Table 1 are general and reasonable
assumptions on the physical properties of the fluid and solid matrix and the
description of the flow and transport processes in the studied area.

Table 1: Parameter values used in the simulations.

Parameter Value
Hydraulic conductivity, K (m/s) 1.75⋅10-4

Longitudinal dispersivity, αL (m) 12.5

Transverse dispersivity, αT (m) 1.25

Mean specific yield, ε 0.36

Parameter “a” in Van Genutchen equation (m⋅s2/kg) 5⋅10-5

Parameter “n” in Van Genutchen equation 2

Residual saturation 0.3

Aquifer matrix compressibility, α 0

Fluid compressibility, β 0

Molecular diffusivity, Dm (m2/s) 10-9

Seawater density, ρSW (kg/m3) 1024.45

Freshwater density, ρFW (kg/m3) 998.275

Density change with concentration coefficient (kg2/kg TDS⋅m3) 750

Fluid viscosity, µ (kg/m⋅s) 10-3

Mean hydraulic gradient 0.001
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Initial conditions are chosen to represent the current state of the transition zone
in the study area according to available information. They are obtained from a long-
term transient simulation with arbitrary initial conditions and an initial linear slope of
the groundwater table. The initial hydraulic gradient of the freshwater towards the sea
is 0.001. Natural recharge but neither pumping nor artificial recharge are included in
this simulation to obtain initial conditions for the following simulations of projected
management scenarios. The assumed natural recharge corresponds to the proportion
of annual precipitation in cell 43 that is estimated to percolate into the subsurface, i.e.,
40% of 0.51 m/yr [Tahal, 1999]. The salinity level of natural recharge is equal to the
initial salinity in the aquifer, which is considered to be 100 ppm (TDS). This salinity
level is specified everywhere in the aquifer except in the nodes located at the sea
boundary where salinity is 35000 ppm (TDS).

The transition zone and the streamlines displayed in Fig. 3 are the obtained
initial conditions, used for all following transient simulations with pumping and
recharge activities. As can be seen in the figure, the transition zone has a wedge-like
shape and its width at the bottom is 2.5 higher than the aquifer depth. This fact
implies that the assumption of a sharp interface is not valid in this case. The length of
intrusion is around 900 m which is consistent with the available information for the
present intrusion length in the area [Tahal, 1998].
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Figure 3: Initial transition zone and streamlines field.

Intrusion length is in the following defined as the distance from the shoreline
to the toe of the transition zone, considered to be at the intersection point between the
bottom of the aquifer and the isochlor line of 17500 ppm. This isochlor line is chosen
as representing an average intrusion length because it is the midpoint between
freshwater (100 ppm) and seawater (35000 ppm) concentrations. Figure 3 also shows
the freshwater from inland and the upper boundary flowing towards the sea, and
discharging into the sea along a seepage face in the sloping bottom of the sea, as well
as the cyclical flow of seawater.

The projected pumping stress on strip 11 of the Nitzanim area is simulated by
a single, point pumping well in the cross-section at the location 1100 m from the
shoreline, which represents the location of existing pumping wells in strip 11. Since
we simulate a 2-D cross-sectional model (Fig. 2), the simulated pumping well
represents a system of pumping wells parallel to the coastline each of them
discharging the total volumetric pumping rate in strip 11 per unit width. Since data on
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projected pumping rates for individual wells is not available, the total pumping rate
expected from wells located at strip 11 is estimated based on the total forecasted water
supply from cell 43 (14 MCM) and the total number of existing wells in the cell (37).
The pumping rate per well is then multiplied by the number of wells in strip 11 (7)
and divided by the width of the strip (2860 m) resulting in the pumping rate expressed
by m3/yr/mcoastal length used in SUTRA.

Artificial recharge as a potential measure for enhancing natural recharge and
control saltwater intrusion is simulated as a point injection well. The artificial
recharge well is located downstream of, but quite close to the simulated pumping
wells since this has been proved to be the most effective way to combat saltwater
intrusion [Prieto et al., 2000]. Both wells are located at a depth of 50 m. The salinity
level of the artificially recharged water is 100 ppm (TDS). Recharge and pumping
activities start at time 0. Each simulation is run for 192 yr. Each run is divided into
2000 time steps of variable size. The starting time step size is 1000 s and every 5 time
steps, the time step size is increased by a factor of 1.4 up to a maximum size of 1.2
months.

RESULTS
Table 2 presents the constant and seasonally variable groundwater

management scenarios that are analyzed in this paper. In scenarios 1-3, the simulated
pumping rate, QP, and mean natural recharge, NR, are 946 m3/yr/m and 707 m3/yr/m
respectively, and they are held constant during the simulation period. These scenarios
only differ in terms of the artificial recharge rate (also constant in time), which is
modified to control saltwater intrusion.

Table 2: Simulated temporally constant and seasonally variable groundwater
management scenarios.
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1 0 [0] -239 4 0 -239+1653sin(2πt)

2 239 [25.27] 0 5 239+239sin(2πt+π) 1414sin(2πt)

3 478 [50.55] 239 6 478+478sin(2πt+π) 239+1175sin(2πt)

Throughout scenarios 4-6, we have studied the influence of seasonally
variable groundwater management scenarios on the water quality of the pumped
groundwater from the studied cross-section. In these scenarios, we have assumed that
the water demand and thereby the pumping rate QP varies throughout time as a
sinusoidal function with a return period of 1 year. This can be considered a reasonable
approximation since the distribution of water supply over the year, by months and
sector, is showed to have a marked peak in summer time and a minimum peak in
winter, and that this seasonal behavior is, on the average, repeated every year [Tahal,
1998]. The recharge of treated wastewater, QR, is assumed to have the same seasonal
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dependence as the pumping rate, QP, but with smaller magnitude due to that only a
certain percentage of the pumped water is available for recharge. Besides, the
seasonal variability of the natural recharge, NR, is also assumed to be a periodic
function that varies around a mean value with a return time of 1 year, but with
different phase than QP and QR. The pumping and artificial recharge rates are delayed
by six months, in comparison with the natural recharge, which has its lowest value
during summer, when pumping and artificial recharge have their peaks.

The seasonally variable scenarios (4-6) have the same pumping and natural
recharge rate functions, QP= 946+946sin(2πt+π) m3/yr/m and NR= 707+707sin(2πt)
m3/yr/m respectively, but different artificial recharge rates. The functions used for
artificial recharge are presented in Table 2. As can be observed, the amplitude is
chosen equal to the mean (i.e. the maximum possible 100% of the mean, since they
cannot be negative) for each pumping and recharge rate function. This selection might
be considered unrealistic, but it represents the maximum variability that can be
obtained from a deterministic, sinusoidal quantification of seasonal temporal
variability in pumping and recharge rates, which we use here in the absence of other
site-specific, statistical information about these rates.

The ultimate control of saltwater intrusion, however, is not the artificial
recharge rate alone, but the net total discharge flow rate of the system, which equals
the difference between total recharge (NR+QR) and pumpage (QP) plus the freshwater
inflow induced across the inland boundary. The freshwater inflow across the
boundary depends on the natural recharge and the rates of pumping and artificial
recharge, which are decided by the manager of the aquifer. The stress imposed on the
groundwater system can be quantified by what we call the net imposed rate, QI,
defined as NR+QR-QP. Among the constant scenarios described in Table 2, scenario 1
(negative QI) is the case without artificial recharge, which imposes the greatest stress
on the fresh groundwater resources and scenario 3 (positive QI) imposes the least
stress. Scenario 2 (QI= 0) represents a case where 100% of the assumed recharge is
withdraw. It should also be noticed from Table 2 that the resulting amplitude of the
net imposed flow rate, QI, relative to its mean value, is much larger than 100% for all
variable scenarios 4-6.

Figs. 4 to 6 display the evolution of salinity in the pumped water resulting
from the simulations of scenarios 4 to 6 and from the corresponding constant
management scenarios 1 to 3. Periodic pumping and recharge rates cause the net
imposed flow rate to also vary in a sinusoidal manner with a period of one year. The
mean values of the net imposed flow rate for scenarios 4 to 6 are equal to the constant
values in the corresponding scenarios 1 to 3 (Table 2); corresponding scenarios are
those with the mean values of pumping, natural and artificial recharge rates equal to
the constant rates.
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Figure 4: Evolution of salinity, Cc(scenario 1) and Csv(scenario 4), in the pumped
water under scenarios 1 and 4.
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Figure 5: Evolution of salinity, Cc(scenario 2) and Csv(scenario 5), in the pumped
water under scenarios 2 and 5.
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Figure 6: Evolution of salinity, Cc(scenario 3) and Csv(scenario 6), in the pumped
water under scenarios 3 and 6.
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Figures 4-6 show that for the seasonally variable scenarios 4-6 the mean
salinity in the pumped water increases, with seasonal fluctuations around this mean
value, towards a quasi-periodic steady-state. The mean salinity in the seasonally
variable scenarios 4-6 is consistent with the corresponding salinity values in the
constant scenarios 1-3. During the total simulation period of 192 yr, salinity reaches
steady-state only under scenarios 3 and 6. However, salinity is also close to steady-
state at the end of the simulation (t=192 yr) in the rest of the scenarios. Scenarios 1
and 4 cause the most adverse increase of salt content in the pumped water as it is
expected from the values of the net imposed flow rates (Table 2). In the rest of the
scenarios, artificial recharge is indeed able to reduce the steady-state salinity
considerably, compared to the zero artificial recharge scenarios 1 and 4.

It is observed that seasonally variable salinity evolutions resulting from
scenarios 4-6 do not reach the same minimum value every year, but this value
fluctuates periodically with a 7 years period. These fluctuations, however, are small
compared to the seasonal fluctuations of salinity in each scenario.

The estimated mean salinity in the pumped water in the seasonally variable
scenarios 4-6, svC , does not coincide with the predicted salinity value from the

corresponding constant scenarios 1-3, Cc . The mean value svC is above the
corresponding Cc  salinity value during the first 25 simulated years in all cases and
does eventually become lower than the latter ( Cc ) in scenarios 4 and 5, but not in 6.
Table 3 summarizes results for the mean value ( sv

921tC = ) and amplitude of svC  in
absolute terms and relative to the mean along with the corresponding constant
scenario salinity values ( c

921tC = ) during the last simulated year (t=191-192 yr).

Table 3: Summary of salinity results from scenarios 1-6.
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1 5100 4 4650 [950/ 20%] -8.8% 53%

2 2900 5 2850 [650/ 23%] -1.7% 56%

3 1550 6 1637.5 [387.5/ 24%] 5.6% 55%

As noted from Figs. 4-6, both sv
192tC = and c

192tC =  decrease with increasing
artificial recharge (from scenario 1, through 2, to 3, and scenario 4, through 5, to 6).
Also the maximum periodic deviation of sv

192tC =  from its mean value sv
192tC =  (i.e., its

amplitude) is highest for scenario 4, i.e., the scenario of zero artificial recharge, and
decreases with the increasing artificial recharge in scenarios 5 and 6.
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The maximum relative deviations of sv
192tC =  from the average value sv

192tC = ,
however, remain on the order of 20-25% for all scenarios 4-6 (Table 3). For
comparison, the relative amplitude describing seasonal variability in QI is in all cases
much higher (about 500% or more; see Table 2). Furthermore, the relative deviation
between the average salinity sv

192tC =  and the corresponding, constant scenario value
c

921tC = is in all cases quite low, i.e., less or much less than 10% (Table 3).

Table 3 also summarizes maximum deviations between Csv  and Cc  during the
most differing period, which is the first 25 years after the various pumping and
recharge management scenarios are imposed (Figs. 4-6). The relative deviation

CC c
25

sv
25 − / c

25C  for this early period is on the order of 50-55% (Table 3) and thus much
higher than the relative deviation of less than 10% close to, or at periodic steady-state.

CONCLUSIONS
This paper analyzed predictions of salinity in pumped groundwater resulting

from different groundwater management scenarios. These scenarios are all based on a
relevant natural recharge rate and a pumping rate consistent with projected water
demand for the studied area. The different scenarios differ only in the magnitude of
artificial recharge rate and in the assumption of constant or seasonally variable
sources and sinks for groundwater.

The simulations showed that the dynamics of saltwater intrusion in a coastal
aquifer subject to constant pumping and recharge rates is different than under
seasonally variable pumping and recharge rates. As a result, the predicted salinity
value from the assumed constant management scenarios may either overestimate or
underestimate the mean value of salinity in pumped groundwater, depending on which
time period the prediction applies to. For long-term predictions, the assumption of
constant conditions may yield either over- or underestimation of the average salinity
during the periodic steady-state stage, however with less than 10% of the predicted
constant salinity value. For short-term predictions, up to 25 years after starting a
certain groundwater management practice, the same assumption may lead to
considerable (50-55%) underestimation of maximum salinity values under seasonally
variable conditions.

Pumping of groundwater with salinity higher than 500 ppm (TDS) will in
practice only continue if the preferred management strategy for meeting increasing
water demands is to desalinate brackish groundwater, for instance, rather than
desalinating seawater. With such a management strategy, underestimation of
groundwater salinity of 50-55% due to neglect of seasonal variability may seriously
affect the optimal design, function and efficiency of groundwater desalination plants
during the planning period of the first 25 years.
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